While Hymenoscyphus fraxineus causes dieback of the European ash (Fraxinus excelsior), flowering ash (F. ornus) appears resistant to the pathogen. To date, contributions of endophytic fungi to host resistance are unknown. The following hypotheses were tested: (i) endophytic fungi enhance the resistance of F. excelsior to the pathogen; (ii) resistance of F. ornus relies on its community of endophytic fungi. Two experiments were performed. (i) The effect of exudates of ash endophytes on the germination rate of H. fraxineus ascospores was studied in vitro. Isolates of abundant Fraxinus leaf endophytes, such as Venturia fraxini, Paraconiothyrium sp., Boeremia exigua, Kretzschmaria deusta and Neofabraea alba inhibited ascospore germination. (ii) Ash seedlings inoculated in a climate chamber, with fungi sporulating on the previous year's leaf litter, were exposed to natural infections by the pathogen present in the forest. Non-inoculated seedlings were used as controls. Venturia spp. dominated the inoculated endophyte 'communities'. Subsequent exposure to H. fraxineus led to infection of F. excelsior leaves by the pathogen, but no differences in health status between pre-inoculated and non-inoculated seedlings were detected. Fraxinus ornus leaves experienced a low infection rate, independent of their colonization by endophytic fungi. These results did not support either hypothesis.
INTRODUCTION
Hymenoscyphus fraxineus is a fungal pathogen which has been causing serious dieback and mortality of native European ash trees (Fraxinus excelsior) since its introduction from East Asia (Gross et al. 2014) . In contrast, native flowering ash (F. ornus) is known to be resistant (Gross et al. 2014) or only weakly susceptible (Kirisits and Schwanda 2015) . Resistance could be based on genetic disposition and/or protection by endophytic and epiphytic microbiota, which seems to be omnipresent in and on the leaves (Scholtysik et al. 2012; Ibrahim 2014) . Ascospores of H. fraxineus germinate on leaves and infect them directly through penetration of the cuticula and the epidermis (Gross et al. 2014) .
During the infection and colonization process, it is possible for H. fraxineus to be affected by endophytic and epiphytic microorganisms, either directly by mycoparasitism, resource competition and/or toxin secretion or indirectly through the activation of plant defence mechanisms. The antagonistic effects of endophytic and epiphytic fungi on other microorganisms are welldocumented (Sieber, 2002 (Sieber, , 2007 Rodriguez et al. 2009; Witzell, Martín and Blumenstein 2014; Schulz et al. 2015) , however very little is known about the effects of ash-leaf-associated fungi on the ash dieback pathogen (Schulz et al. 2015) . Therefore, the effects of leaf-inhabiting endophytic fungi of F. excelsior and F. ornus on the pathogen were selected for examination. Specifically, we wanted to the test the following hypotheses: (i) leaf endophytic fungi of F. excelsior enhance resistance against ash dieback and (ii) resistance of F. ornus relies on its community of endophytic fungi.
Two experiments were performed. First, antibiotic activity of selected Fraxinus endophytes against H. fraxineus was examined by determination of possible inhibitory effects of their exudates on H. fraxineus ascospore germination. Secondly, possible protective effects against the ash dieback pathogen were studied in the field. The success of natural H. fraxineus infections was determined in both endophyte-free and pre-inoculated leaves with the expectation that H. fraxineus would be less abundant in leaves harboring endophytes.
MATERIALS AND METHODS

Inhibition of germination of Hymenoscyphus fraxineus ascospores
The antagonistic activity of exudates of 41 endophytic fungal isolates from leaves of Fraxinus excelsior and F. ornus towards the germination of H. fraxineus ascospores was tested. The endophytes had been isolated from Fraxinus leaves collected between 2013 and 2015 throughout Switzerland and Northern Italy (Schlegel, unpublished; Ibrahim 2014; Ibrahim, Schlegel and Sieber 2016) (Table S1 , Supporting Information). The isolations were done according to Ibrahim, Schlegel and Sieber (2016) . Identification was done based on the culture morphology and sequencing of the ITS region. Leaf petioles of F. excelsior with pseudosclerotia of H. fraxineus were collected on 26 June 2015, from beneath several trees in a forest in Zurich (47.3991 • N 8.5262
• E) and stored for ∼100 days at 4
• C in the dark. The petioles were then incubated in humid chambers at 20
• C under near-UV light (12-h photoperiod). Mature apothecia formed after ∼10 days. Removal of the humid chamber's lid was enough to trigger the release of the ascospores-visible to the naked eye as dusty clouds. The ascospores were captured on open Petri dishes containing water agar (WA, 15 gl −1 agar), which had been placed bottom-up above the clouds. The spores were removed from the WA surface by applying 2 ml of sterile water to each Petri dish, shaking the dish vigorously and pipetting the spore suspension into Eppendorf tubes. The suspension was then concentrated about 20-fold in two centrifugation cycles (5 min at 1000 rcf). The spore density of the resulting suspension was adjusted (17-25 spores per μl), and 4 μl of the suspension were applied to each mycelium-free agar plug (4 mm in diameter), which had been removed from the culture margin of the endophytic fungi. The endophytes had been grown on malt extract agar (MEA, 20 gl −1 malt extract, 15 gl −1 agar) from a standardized inoculum (4-mm diameter) at 20
• C in the dark (Fig. S1a , Supporting Information). Due to differences in growth speed, endophytes were divided into three groups featuring different incubation times: 33 days for slow-growing endophytes, 10 1/2 and 6 1/2 days for medium and fast-growing fungi, respectively (Table S1 , Supporting Information). Prior to the application of the spore suspension, the plugs had been transferred to a rectangular section of 3 × 3 cm (in 9-cm diameter Petri dishes), where the agar (WA, 15 gl −1 agar) had been removed. The surrounding agar ensured high humidity, preventing the plugs from drying out. Three plugs per endophyte isolate were placed in this rectangular area and the dishes incubated for 67 h at 20
• C in the dark (Fig. S1b , Supporting Information). Two negative controls featuring four exudatefree agar plugs were added per group of endophytes. Cover slips were applied to the top of the plugs and the ascospores directly examined under the light microscope at 200× magnification. All spores in each field of view were assessed as either germinated or not. A germ tube measuring longer than the width of the ascospore constituted a successful germination (Fig. S1c , Supporting Information). To avoid repetitive examination of the same ascospore, the fields of view were chosen accordingly. The germination rate was defined as the number of germinated spores per number of examined spores. Agar blocks, containing remains of mycelium from the culture margin, were excluded (Table S1, Supporting Information).
Protective effect of endophytic fungi
The experiment was conducted during the vegetation period of the year 2015. Two-year-old F. excelsior and F. ornus seedlings were pre-inoculated with fungi sporulating on freshly collected leaf litter in a climate chamber and subsequently exposed to H. fraxineus in the forest to test the effect of endophytic colonization (see Fig. S3 , Supporting Information, for illustration). The F. excelsior seedlings were raised outdoors from seeds collected from one mother tree in Amden, Switzerland (47.1469 • N, 9.1209 oxytetracycline). On 23 September (day 179), endophytic fungi were isolated again from leaflets of the out-planted seedlings using the same surface-sterilization-incubation method. Additionally, four leaf discs were punched out from a symptomless region of each leaflet (16 discs per seedling) and frozen immediately for subsequent DNA extraction. To control for the climate chamber effect, eight seedlings of both Fraxinus species were planted directly (without pre-inoculation using leaf litter) in the forest in the spring (4 April, day 7) and examined for the presence of endophytic fungi and H. fraxineus on 23 September, as described for the pre-inoculated plants. All isolated fungi were identified based on culture morphology and micromorphology.
Quantification of Hymenoscyphus fraxineus and Venturia spp.
DNA was extracted from the frozen leaf pieces harvested on 23 September, using the NucleoSpin Plant II kit (Macherey Nagel, Oensingen, Switzerland), according to the manufacturer's instructions. The buffers PL2 and PL3 were used. DNA was further purified using the Genomic DNA Clean & Concentrator-25 Kit (Zymo Research, Irvine, CA, USA). A real-time qPCR assay based on TaqMan chemistry, developed for the internal transcribed spacer (ITS) sequence of H. fraxineus by Ioos et al. (2009) , was used to measure the amount of H. fraxineus DNA present in the extracts. PCR was carried out on a LightCycler R 480 Instrument II (Roche, Basel, Switzerland) in triplicate reactions, using the qPCR MasterMix Plus Low ROX (Eurogentec, Seraing, Belgium). The reaction volume was 10 μl, containing 2 μl of DNA, pre-diluted 1:10. For absolute quantification, eight serial dilutions of H. fraxineus gDNA, ranging from 6.3·10 −7
to 63 pg μl −1 , were measured in triplicate.
For the quantification of Venturia spp., a qPCR assay targeting the internal transcribed spacer 2 (ITS2) region of Venturia was developed (Table 1) . Primer design was done in Geneious (www.geneious.com) based on an alignment of ITS sequences from collected Venturia isolates (Ibrahim, Schlegel and Sieber 2016) and all Venturia sequences available from GenBank (www.ncbi.nlm.nih.gov/genbank). The primers were chosen to anneal to conserved regions within the genus, but not to amplify related groups. Specificity of the primers was verified, using BLAST (www.ncbi.nlm.nih.gov/BLAST). The qPCR assay was conducted on the same instrument as above using the FIREPol R EvaGreen R qPCR Mix Plus (Solis BioDyne, Tartu, Estonia). Around 10-μl reactions were prepared in triplicate, containing 0.3 μM of each primer and 2 μl of DNA (diluted 1:10). As above, triplicate measurements of eight serial dilutions of V. fraxini gDNA, ranging from 5.7·10 −7 to 57 pg μl −1 , were done to construct a standard curve. No amplification was detected in the negative controls in both qPCR assays. The presence of inhibitors was assessed via measurement of Venturia levels for different dilutions (1:2, 1:10, 1:40 and 1:100). Table 2 ). Colonization by endophytic fungi was not observed in any of the controls at the beginning of exposure in the forest. A few additional infections by the two Venturia species occurred during the 40 days, following the out-planting of the seedlings to the forest. Other colonizers include Diaporthe spp., Mycosphaerella spp. and a few rare species. Hymenoscyphus fraxineus could be isolated from two endophyte-free control plants and one pre-inoculated seedling of F. excelsior. The diversity of endophytic fungi colonizing the seedlings, which had been outplanted on 4 April in the forest without pre-inoculation in the climate chamber, was higher than that of pre-inoculated plants brought to the forest in August (Table 2) . Four of the eight F. excelsior planted in spring and two of the twelve F. excelsior planted in August lost their leaves, possibly due to drought stress caused by exceptionally high temperatures and dry conditions in the summer of 2015 (MeteoSchweiz 2015) . None of these leaves showed symptoms typical for H. fraxineus. Therefore, only 3-4 trees with healthy-looking leaves were chosen from each experimental group for further analyses. Fraxinus ornus trees proved tolerant to these conditions.
RESULTS
Inhibition of germination of H. fraxineus ascospores
Detection of H. fraxineus and Venturia spp. by qPCR
Trees pre-inoculated with endophytes did not exhibit lower levels of H. fraxineus in F. excelsior in autumn. H. fraxineus DNA was detected in both pre-inoculated and control leaves, and the amount of DNA did not differ significantly (Fig. 2) . Fraxinus excelsior seedlings planted in the forest in spring had much higher levels of H. fraxineus than pre-inoculated ones out-planted in August. The pathogen was undetectable in two of three F. ornus seedlings out-planted in August; just one tree planted in April contained H. fraxineus (Fig. 2) . Additionally, the exact amount of Venturia spp., the endophytes predominantly found in pre-inoculated leaves (Table 2) was determined by qPCR. Primers were designed to cover most species within the Venturia genus, while still remaining selective with regards to other species. Besides Venturia, only a handful of Helicoön and Helicodendron isolates are expected to amplify without mismatches. However, the occurrence of these fungi as endophytes in Fraxinus is highly improbable. QPCR confirmed that artificial inoculation of Fraxinus leaves with Venturia spp., and their establishment as endophytes was successful (Fig. 2) . Artificial inoculation resulted in much higher levels of Venturia spp. than in the case of natural infection on plants exposed in the forest throughout the whole summer (172 d). The amounts of wild V. fraxini infections of F. excelsior leaves after out-planting were low (trees Fe7 and Fe8 in Fig. 2 ; amounts of V. fraxini hardly visible). Quantitative comparison of V. fraxini with H. fraxineus infection levels in F. excelsior leaves did not reveal a clear negative relationship, as would be expected in the case of an antagonistic effect (Fig. 2) .
DISCUSSION
Endophytes affect pathogens by means of the production of inhibitory secondary metabolites (antibiotics), mycoparasitism, the induction of plant defence and/or the competition for infection sites and nutrients (e.g. Philipp 1978; Schulz et al. 2002; Limón and Codón 2004; Rodriguez et al. 2009; Shoresh, Harman and Mastouri 2010; Han et al. 2012; Tellenbach and Sieber 2012; Blumenstein et al. 2015) and have been put forward as biological control agents (Newcombe 2011; Witzell, Martín and Blumenstein 2014) . Here, we demonstrated that Fraxinus endophytes produced antifungal secondary metabolites inhibiting germination of the ash dieback pathogen H. fraxineus ex situ, however, inhibition of the pathogen by some of these endophytes in situ could not be demonstrated.
Inhibition of germination of H. fraxineus ascospores
The exudates of several endophytic fungi had adverse effects on ascospore germination of H. fraxineus. Fungal endophytes are known as potent producers of a large variety of bioactive compounds (Schulz et al. 2002; Zhao et al. 2011) , including volatile antimicrobials (Schulz et al. 1995; Zhi-Lin et al. 2012) . The significance of their contribution to 'plant chemistry' and the complex interactions between endophyte and host are subject to active research, not least due to their potential application in medicine and agriculture (Aly, Debbab and Proksch 2011; Ludwig-Müller 2015) . Endophytic structures can be extremely small and occupy one single plant cell, and the density of occupied cells can be very low in healthy plant tissues (Stone 1987) . It remains to be determined, therefore, whether the metabolites are produced in sufficient amounts by the endophytic thalli in nature and subsequently transported to the plant surface. The ability to successfully infect a host plant depends on many factors, including surface characteristics, presence of other organisms and the physical and chemical environment. It is possible that germ tubes of H. fraxineus respond to chemical cues differently than mycelia growing within the leaf after successful penetration. However, dual cultures of F. ornus and F. excelsior endophytes acting against H. fraxineus yielded similar results to the spore germination assay (Ibrahim 2014; Augustiny 2015) . Potent inhibitors of H. fraxineus ascospore germination, such as Paraconiothyrium sp. 1, K. deusta, A. quisqualis and Elsinoaceae sp. also exhibited a strong inhibitive effect on H. fraxineus mycelial growth. Similarly, weak effects of Venturia spp. and N. serpens could be detected. However, the growth of H. fraxineus and of some endophytes was highly irregular on the media tested, rendering it difficult to develop a reliable assay. This problem led us to the development of the spore germination assay, which we believe provides a quantitative and fast method for the selection of fungi producing potentially interesting metabolites.
All Paraconiothyrium sp. 1 strains inhibited ascospore germination almost completely and seemed to kill most spores (Fig. S1c, Supporting Information) . The endophyte is related to Paraconiothyrium variabile and P. brasiliense, but not conspecific with them as indicated by comparisons with sequences deposited in GenBank. P. variabile and P. brasiliense are known for the production of the anti-cancer drug taxol (Garyali, Kumar and Reddy 2013; Somjaipeng et al. 2015) and for their antibiotic effect against a multitude of pathogens (Combès et al. 2012; Nicoletti, De Filippis and Buommino 2013) . Combès et al. (2012) extracted several secondary metabolites from P. variabile and stated that the antagonistic effects are the result of interactions between several of these metabolites. However, most of them are only produced if P. variable is challenged by an antagonist or by adverse environmental conditions (Combès et al. 2012) . Liu et al. (2010) characterized the bioactive sesquiterpenoids brasilamides A-D from the endophyte P. brasiliense. The fungitoxic properties detected in our study could be based on a similar set of metabolites deeming Paraconiothyrium sp. 1 an interesting organism for future biochemical studies.
Boeremia exigua (syn. Phoma exigua), in its numerous varieties, is well known as a causal agent of diseases on a wide range of species of the Fabaceae (bean family). Boeremia exigua is known to produce several phytotoxic compounds (Bottalico et al. 1994; Rai et al. 2009 ). These are harmful to crop plants but can be considered useful as herbicides for controlling invasive plants. The potential of deoxaphomin, p-hydroxybenzaldehyde and cytochalasine has been studied by Cimmino et al. (2008) . They reported the effect of these biocontrol agents on the leaves of weed plants, e.g. Cirsium arvense and Sonchus arvensis, and found that p-hydroxybenzaldehyde was inactive, whereas deoxaphomin demonstrated the highest level of toxicity. Similarly, Berner et al. (2015) found B. exigua var. rhapontica to be an effective biological control agent for Russian knapweed (Rhaponticum repens).
Ibrahim (2014) observed Kretzschmaria deusta, a member of the Xylariales, for the first time as an endophyte in F. ornus leaves. The fungus is an aggressive soft rot-causing fungus, capable of attacking several deciduous tree species. The strong fungitoxic property of this species may be the evolutionary result of competition against other wood decay fungi. Some closely related xylariaceous endophytes have recently been discovered to be extremely creative producers of secondary metabolites and a dozen new compounds were successfully extracted from one single strain (Kuhnert et al. 2015) . Species of the Xylariales, e.g. species of the genera Hypoxylon, Nemania or Xylaria, are well known for their antimicrobial activity. Ethanolic extracts of Xylaria polymorpha inhibited the growth of several bacteria and fungi, including human pathogenic ones, such as Staphylococcus aureus, Candida albicans and Cryptococcus neoformans (Hacioglu, Akata and Dulger 2011) . Likewise, diterpenoidcontaining ethyl acetate extracts of an endophytic Xylaria exhibited significant antibacterial activity against S. aureus (Sorres et al. 2015) , and Xylaria endophytes of Pinus strobus and Vaccinium angustifolium produced the antimycoticum griseofulvin (Richardson et al. 2014) .
The inhibition of germination by Neofabrea alba (synonym Pezicula alba) was strain-dependent. Pezicula species are well known for possessing antifungal properties (Bissegger and Sieber 1994; Schulz et al. 1995) . Endophytic P. cinnamomea from Castanea sativa strongly impeded mycelial growth of Cryphonectria parasitica, the causal agent of chestnut blight (Bissegger and Sieber 1994) , and the four different compounds (R)-mellein, (R)(-)-mycorrhizin A, (+)-cryptosporiopsin and 4-epi-ethiosolide, produced by endophytic P. livida from conifers, proved fungicidal (Schulz et al. 1995) .
To date, Elsinoaceae sp. and Ampelomyces quisqualis have only been isolated from F. ornus, not from F. excelsior (Ibrahim 2014) . The latter fungus has been widely acknowledged as a mycoparasite for over 40 years (Philipp 1978) .
The antagonistic effect of the two Venturia species was straindependent. Only one V. fraxini isolate significantly inhibited ascospore germination. As a consequence, additional Venturia isolates were tested. Again, isolate variability was high, but inhibition was weak and only reduced germination rates by 5% -25% (data not shown).
One might argue that the inhibitive strength of endophytes correlates with their growth rates. In fact, the majority of inhibitory endophytes grow slowly (Fig. S2 , Supporting Information). However, the reverse, that all slow-growing endophytes inhibit spore germination, is untrue. The production of inhibitory metabolites by slow-growing organisms may have evolved to compete with organisms specialized in rapid resource capture (Mille-Lindblom, Fischer and Tranvik 2006) .
Protective effect of endophytic fungi
Experimental inoculation of fungus-free freshly flushed Fraxinus leaves with endophytic fungi using leaf litter was successful for most seedlings. The idea behind this approach was to encourage non-selective infections of several endophyte species in a way that mimics the process in nature, since we expected some foliar endophytes to sporulate on leaf litter. The inoculated endophyte 'communities' were strongly dominated by Venturia spp., whereas direct exposure of seedlings to wild infections in the forest in spring led to more diverse endophyte communities. Still, in Switzerland and Northern Italy, Venturia fraxini and V. orni were found to be the most abundant endophytes in F. excelsior and F. ornus leaves, respectively (Ibrahim, Schlegel and Sieber 2016) . This contrasts with existing findings in Germany, where Alternaria infectoria and A. alternata were six times more frequent than V. fraxini and dominated the endophyte community of F. excelsior leaves (Scholtysik et al. 2012) .
No protective effect of endophytic fungi against H. fraxineus could be observed in this study. The reasons for this could be manifold. The unusually hot and dry conditions in July and August (MeteoSchweiz 2015) provided highly unfavorable conditions for H. fraxineus. Likely, infection levels were lower than in other years. In order to avoid desiccation of the plants, the transfer of the seedlings from the climate chamber to the forest was only possible in mid-August when there was higher rainfall. Fortunately, H. fraxineus ascospores were still present and infectious (Fig. 2) . Moreover, other endophytes besides Venturia spp. that were not inoculated in this study might have had a protective effect, outlining the need for further studies, e.g. utilizing more specifically targeted inoculation methods (e.g. Arnold et al. 2003; Ganley, Sniezko and Newcombe 2008) .
Only a few examples of protective effects of endophytes with regards to tree pathogens exist. Arnold et al. (2003) inoculated endophyte-free leaves of 100-day-old greenhouse-grown Theobroma cacao seedlings with endophytes isolated from naturally infected, asymptomatic tissues and observed a significant decrease (compared to non-inoculated controls) of both leaf necrosis and mortality when endophyte-inoculated seedlings were challenged by a pathogenic Phytophthora. Endophytes of P. monticola were shown to increase survival of their host against pine blister rust (Cronartium ribicola) (Ganley, Sniezko and Newcombe 2008) . Similarly, P. ponderosa needles were found to be less affected by Dothistroma needle blight if pre-treated with endophytic fungi (Ridout and Newcombe 2015) . The contribution of endophytic fungi to quantitative resistance is likely determined by suites of minor genes in both host and pathogen influenced by the abiotic environment (Raghavendra and Newcombe 2013) . Similarly, the root endophytes Phialocephala subalpina, a member of the P. fortinii s.l.-Acephala applanata species complex (PAC), protected conifer roots against the two oomycetous pathogens Phytophthora plurivora and Elongisporangium undulatum (Tellenbach and Sieber 2012) . Elm endophytes exhibited extensive niche overlap with the causal agent of Dutch elm disease (DED), suggesting that some endophytes may protect elms against DED-pathogen through competition for substrates (Blumenstein et al. 2015) .
The manna ash (Fraxinus ornus) is considered weakly susceptible to H. fraxineus in case of high infection pressure (Kirisits and Schwanda 2015) . Absence of H. fraxineus in both pre-inoculated
